We present a theoretical investigation of the folding of small proteins assisted by chaperones. We describe the proteins in the framework of an effective potential model which contains the Ramachandran angles as degrees of freedom. The cage of chaperonins is modeled by an external confining potential which is also able to take into account hydrophobic and hydrophilic effects inside the cavity. Using the Wang-Landau algorithm [Phys. Rev. Lett. 86,
I. INTRODUCTION
Protein folding is one of the most intensively studied and still unsolved problems in biology. Many diseases such as Alzheimer and Parkinson are believed to be caused by the misfolding of certain proteins (1, 2, 3) . Although in the last years several aspects related to the Levinthal's paradox could be clarified with the help of lattice models and other approaches (4, 5, 6, 7) , many questions regarding the folding and misfolding mechanisms still remain open.
The initial state of the proteins after being produced by the ribosomes can be considered as a big number of partly folded chains which coexist in the same medium. This is believed to be one of the factors which make the correct folding difficult, due to the attractive and repulsive forces of the proteins with each other. In this scenario, the unfolded chains tend to form aggregates which are not useful for any biological process.
Molecular crowding (8) , however, plays a very important role in the folding. To avoid incorrect folding or aggregation problem the cells contain auxiliary proteins that assist the folding process, called generally chaperones. A subclass of chaperones, the chaperonins are characterized by being capable to bind to each other and form the cage structure which prevents the aggregation or wrong folding by encapsulating each partly folded protein.
The most studied chaperonins are GroEL and GroES, which form together a closed cavity, they are commonly found in bacteria (9) . So far, some progress has been achieved in the understanding of the folding inside the chaperonins cage by using theoretical models (10, 11, 12, 13, 14) , but the precise mechanism still remains uncovered. Those previous studies have shown that stability and folding kinetics are strongly correlated with the geometry and the degree of confinement inside the cage. The potentials used commonly to calculate the configurational energy include Go-type (7) and other specific potentials contained in commercial packages like CHARMM19 (15) or AM-BER (16) . Those force-field codes are able to describe folding of proteins into α-helices and β-sheet structures. However, in order to construct such potentials either the native structure should be known a priori or the set of parameters depends on the final structure (α−helix or β−sheet). This clearly limits their usefulness and range of validity.
Recently, a force field has been introduced, which does not depend on the previous knowledge of the native structure and is also able to fold proteins into both helices and β-sheets with the same set of parameters (17) . Besides these characteristics, two new features not reported previously are included:
first the dipole-dipole interaction between the CO-NH pairs lying on the amida plane and, secondly the local hydrophobic interaction between successive residues which takes into account the hydrophobic and hydrophilic properties of the side chains. All those features make this force field dependent only on the amino acid sequence of the protein. Throughout this paper we use this force field with the same parameters as given in the original work by Chen et al. (17) .
In this paper we focus on the folding of the peptide V3-loop, Protein Data Bank ID 1NJ0, under two kinds of confining potentials. The first potential simulates the confining effects of the cage as being composed by rigid walls while the second potential exploits the fact that the inner surface of the chaperonins could be hydrophobic or hydrophilic. The effects of both potentials are reflected on the thermodynamical properties calculated by means of the Wang-Landau algorithm (18) with the recent modification proposed in Ref. (19) . We show, for the first time and using a realistic model, that the density of states of the protein can be reduced by many orders of magnitude if inside the chaperonins cage a hydrophobic potential is present.
The paper is organized as follows. In section II we present a description of the model used and of the Monte Carlo method applied to obtain the native structure and the thermodynamic properties of the protein. In section III we show our results and make a careful analysis of our simulations. Finally we present a summary in section IV.
II. THEORY The model
As mentioned in the previous section, the structure of a protein is simulated using the reduced off-lattice model proposed in Ref. (17) In the model used in this paper, the potential containing all relevant interactions is given by,
where V Steric represents hard-core potentials to avoid unphysical contacts, V HB accounts for the hydrogen bonding and V DD is the dipole-dipole interaction term. V M J is a distance dependent version of the Miyazawa-Jerningan (MJ) matrix (21), which describes the interaction between residues. V LocalHP represents the local hydrophobic effect. The role of the presence of water molecules is taken into account both by the term V M J and V LocalHP . As a remark, the V M J term includes partially the effect of water polarization (22) .
In addition V P rotein we add a term to simulate the confinement of the protein into a cage. This is accomplished in this work by using two different kinds of spherical potentials with radius R c , which is a measure of the size of the chaperonins.
In a first approach, we use a potential V 1 which allows the protein to fold freely for distances smaller than R c , but it has a repulsive part for larger distances, simulating the presence of the walls of the cage. The potential V 1 reads (12),
where r = | R| denotes the position of the residues. Potential V 1 yields a too simple description of the confining potential of the chaperonins. In order to improve it we use a second potential V 2 , which accounts for hydrophobic or hydrophilic effects inside the cage (23) and reads,
The meaning of the different parameters in Eq. (3) can be understood as follows. A uniform distribution of beads is spread on the surface of the barrier with number density 1/σ 2 . The parameter ǫ is used to simulate the degree of hydrophobicity of the interior surface of the cage. A wall with a purely hydrophobic lining has a value of ǫ = 1 whereas a purely hydrophilic lining has a value ǫ = 0. In Eq. (3) we set ǫ h = 1.25 kcal/mol and σ = 3.8
A. Both potentials V 1 and V 2 are shown in Fig. 2 for the same R c = 15
A. As we can see from this figure, the potential V 1 has the only effect of confining the protein inside the cage whereas the potential V 2 interacts with the protein by reducing its energy slightly as ǫ increases. The residues tend to be far apart each other close to the border of the cage.
Simulations
To determine the native structure of the protein we perform Energy Landscape Paving (ELP) simulations (24) . This method relies on Monte-Carlo simulations but introduces a particular modification on the weight factors for the different configurations reached by the simulation scheme. The weight for a given configuration of energy E is calculated as,
where f [H(q, t)] depends on the histogram H(q, t) as a function of a prechosen parameter q, whereas t is the Monte-Carlo time step. With the help of these modified factors one avoids visiting the similar configurations many times, and therefore speeds up the process of finding the structure with the minimum energy.
Once the native configuration is obtained we compute the thermodynamic properties, which should reflect the effect of cage confinement on the folding process. Various methods based on Monte Carlo simulations have been proposed to compute thermodynamical properties of finite systems, including, for instance, multicanonical simulations (25) and simulated annealing (26) . In the present work we use the Wang-Landau algorithm (18) , also including a recent improvement introduced by Pereyra et al. (19) . One of the main advantages of Wang-Landau simulations is that they allow to obtain directly the density of states g(E) of the system, which is of course independent of the simulation temperature. Once g(E) is known, one can obtain all the thermodynamical properties at any temperature. Within this framework, the transition probability between two energy conformations before and after the trial moves, E 1 and E 2 respectively, is calculated as,
The original scheme of Landau (18) can be briefly described as follows: one sets the initial g(E) and an auxiliary histogram of energies H(E) to 1. Then, every time the energy level E is visited one updates the histogram H(E) and modifies g(E) as g(E) → g(E) × f , with f = e = 2.718281... . This procedure is continued until a "flat" histogram (with a certain significance,
i.e. 80%) is obtained. At this step the histogram H(E) is reseted and the f is reduced. The usual way to do that is by taking f i+1 = √ f i . One stops when a value for f i+1 close enough to 1 is obtained, compatible with the desired accuracy; for example f = exp(10 −7 ).
As mentioned before, we have adopted in this paper a modification proposed in Ref. (19) , which has been demonstrated to be faster and also to partially avoid the problem of the saturation error. According to the new scheme we do not need to wait until the histogram H(E) is "flat", but we only require that all the entries of H(E) are visited, and then reset H(E) = 0 and set f i+1 = √ f i . We employ a second histogram H 2 (E) which is never reseted during the whole simulation and define the Monte Carlo time step as t = j/N , N being the number of states of different energies and j the number of trial moves performed. If f i+1 ≤ t −1 then f i+1 = f (t) = t −1 and from this point on f (t) is updated at each Monte Carlo time step. H(E)
is not used in the rest of the calculation. Convergence is achieved when
In the present simulations we used f f inal = exp(10 −7 ). The thermodynamic properties such as the free energy F (T ), internal energy U (T ), entropy S(T ) and specific heat C(T ) can be calculated from g(E) as,
More generally, the average of any property A can be calculated from g(E) using the entropic sampling algorithm (27) as,
III. RESULTS AND DISCUSSION
We have focused our attention on a peptide of 16 amino acids with PDB code 1NJ0 to study the folding mediated by chaperonins. This peptide conforms the V3-loop of the exterior membrane glycoprotein (GP120) of the Human Immunodeficiency Virus type 1 (HIV-1).
We first determined the native structure of the protein by using the Energy Landscape Paving simulations described in the previous section. In our calculations, the quantity q required by Eq. (4) is given by q = n β , which is the number of residues having Ramachandran angles in the ranges The transition temperatures are presented in Table 1 . For radii larger than 25Å the transition temperatures are very close to the bulk one and they are within the statistical error. To clarify the folding and unfolding of the protein we plotted in Fig. 6 the average of the end to end distance (R e−e ) as a function of β (inverse of the temperature). We observe that at large values of β (i.e., at low temperatures) the average end to end distance is approximately 5.5Å for each case corresponding to a folded state in which the two extremes of the peptide in the β-sheet structure are close to each other (see Fig. 3 ). At small β (high temperatures) the average end to end distance tends to increase demonstrating the transition to the unfolded state.
The potential V 1 shows the scaling law for the transition temperature Now we improve the description of the chaperonins cage by allowing the interior of the cage to be hydrophobic or hydrophilic. To account for this effect we chose a confining potential V 2 (Eq. 3 ) with radius R c = 30Å.
The degree of hydrophobicity is described by the coefficient ǫ. A completely hydrophobic barrier is obtained when ǫ = 1.0, whereas ǫ = 0.0 corresponds to a completely hydrophilic or neutral one. The effect of ǫ can be visualized in the following way: as ǫ increases from 0 to 1, the walls of the cage tend to attract more the residues because of the relative minimum generated by the potential V 2 , see Fig. 2 . In other words, in a hydrophilic or neutral barrier the wall of the cage is completely exposed to the water and in the case of the hydrophobic one it prefers to be covered by the side chains of the protein then reducing the exposed area to the water. The lowest minimum of V 2 (ǫ) is reached when ǫ = 1.0 and corresponds to E min ∼ 5 Kcal/mol. This energy is comparable to the energy required to break one hydrogen bond (∆E HB ∼ 4.8 Kcal/mol). The density of states for different degrees of hydrophobicity and for the bulk case is shown in Fig. 8 . One can clearly observe a reduction of g(E) by ∼ 13 orders of magnitude as ǫ goes from 0 to 1. However, the dramatic reduction of the phase space in this case does not help the protein to fold correctly and faster, but forces it to acquire a denatured conformation. This effect occurs because the peptide decreases its energy by placing some of the residues close to the border of the cage. Then, the number of accessible states at those energies decreases and residues are not allowed to be far apart from the border, since it would cost much energy.
As a consequence, the peptide sticks to the wall of the cage. Besides this effect, the relative minimum generated by V 2 is able to destroy hydrogen bonds for ǫ ∼ 1.0 and therefore to denature the peptide.
As ǫ increases, the curve of the specific heat becomes broader (see Fig.   9 ). The transition temperatures for different values of ǫ and for the bulk case are presented in Table 2 . For ǫ = 0 − 0.3 we obtain a slight increase in the transition temperature compared to the bulk case. ǫ = 0.3 seems to be the optimal value. For higher values of ǫ the transition temperatures become lower. For ǫ = 1.0 the curve of the specific heat is extremely broad and attenuated, reflecting the fact that the protein is almost denatured.
Finally, the average end to end distance as a function of β is presented in 
IV. CONCLUSION
We have studied the folding of the 16 aminoacids peptide 1NJ0 under confinement and hydrophobic effects. These effects were simulated by two kinds of potentials, one in the form of a hard core inert barrier and another one also accounting for the hydrophobic effects inside the barrier. In the first case we found that the presence of the cage tends to decrease the number of accessible states by allowing only those with are close to the native state.
The transition temperatures increase as the radius of the barrier decreases as seen in the curves of the specific heat. These results are in agreement with previous simulations on other peptides (10, 12) . In the second case we considered the effects of hydrophobicity inside the barrier ranging from a completely hydrophobic (ǫ = 1.0) to an entirely hydrophilic (ǫ = 0.0) cage wall. We performed the simulations on a single barrier of radius 30Å. In this range of ǫ we observed a decrease of ∼ 13 orders of magnitude of the density of states compared to the bulk which can be interpreted as a denaturing process of the peptide. The potential V 2 (ǫ) is able to break some hydrogen bonds of the peptide as ǫ → 1.0 then decreasing the magnitude of the specific heat peak strongly. However, for the interval of ǫ between 0 and 0.3 we observe that the correct folding of the protein ocurrs. The increasing transition temperatures and the lower average end to end distance also allow us to guess that the protein is more stable as ǫ increases in this particular interval. Specific heat for the bulk, and barriers of radii 15Å, 20Å, and 25Å.
T f = 321 K is the transition temperature for the bulk. The transition temperature increases as the the radious R c decreases. 
